Abstract: Cohesive Zone Modeling (CZM) is one of the most promising tools to investigate nonlinear crack propagation in present time. In this study, CZM approach is used to investigate the influence of various type of loading parameters in nonlinear crack propagation. These parameters include loading velocity, mass scaling, maximum strength of cohesive element and displacement jump. For this investigation, we used DYNA3D as a dynamic crack simulation code. Simulation outcomes were compared with the experimental results, where an experimental observation for Arcan test Mode I case was made in MTS machine. Note that, the experiment was performed in quasi-static mode. As DYNA3D is used to simulate dynamic crack propagation, this comparison reflects the deviation of crack parameters for quasi-static and dynamic crack propagation. Finally we checked, whether DYNA3D can be used for quasi-static crack propagation or not.
Introduction
The cohesive zone model (CZM) has gained a significant importance in the modeling of the crack propagation in solids in recent years [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The concept of cohesive zone, firstly was conceived by Dugdale et al. (1960) , Barenblatt et al. (1962) , Rice et al. (1968) etc. The fracture as a gradual phenomenon, where separation takes place between two adjacent virtual surfaces across an extended crack tip (cohesive zone) and is resisted by the presence of the cohesive forces. This theory of the fracture led to the novel numerical approach; to simulate the crack propagation. * E-mail: riaz.usc@gmail.com
The most commonly used technique to incorporate the cohesive zone model into a finite element analysis is the discrete representation of the crack which is accomplished by introducing the cohesive surfaces (or so-called zerothickness interface elements) along inter-element boundaries. The cohesive theories describe the evolution of a fracture as the progressive separation of two surfaces. The separation is described by the displacement jump between two points, originally coincident, on two cohesive surfaces.
The crack investigation by CZM approach was found significant light from the last couple of decades. Alfano et al. [1] studied the cleavage fracture in the adhesive bonded joints by CZM technique. This work also concerned about the various loading parameters as displacement jump, cohesive energy etc, and analyzed the influence of the cohesive energy on the different type of the cohesive models. Zhang et al. [2] investigated the dynamic failure process in a variety of the materials by incorporating a cohesive zone model into the finite clement scheme. The series of dynamic fracture phenomena, including spontaneous crack initiation, dynamic crack microbranching and crack competition were successfully captured by the CZM simulations in his work. Debruyne et al. [3] investigated the dynamic crack propagation by CZM approach. These authors [3] also mentioned the comparison between dynamics and static crack propagation and thereby followed the quasi-static case. Debruyne et al. [3] didn't make a computational comparison between those crack schemes by CZM approach. The crack growth in a thin metal sheet by CZM technique was analyzed by Li et al. [4] . The various CZM parameters as: CTOD (crack tip opening displacement), CTOA (crack tip opening angle) etc were examined in this work as well. The authors did not discuss about CZM element strength or any other loading parameters [4] . Tvergaard et al. [5] tried to predict the crack growth for ductile fracture by the cohesive zone technique. Turon et al. [6] simulated the delimitation in composites under the high-cycle fatigue by CZM model and used the quasi-static loading. The scientific work mentioned above by CZM approach was done in the dynamic loading mode and in most of the cases for the numerical finite element simulations ABAQUS code was used. Having some limitations on ABACUS, another finite element simulation tool DYNA3D came into play. DYNA3D [7] is a nonlinear, explicit, finite element code for analyzing the transient dynamic response of the three-dimensional solids and structures. The first effort to extend the cohesive models to fully threedimensional problems was made by Ortiz et al. [8, 9] . In near past, Lan et al. [10] investigated the crack tunneling in ductile materials by the three dimensional (3D) elastic-plastic finite element analysis by CZM approach. Pablo D. Zavattieri [11] extended the traditional cohesive interface model to handle the cracks in the context of the three-dimensional shell elements involving Mode I/III fracture and bending. Zavattieri [11] used DYNA3D in order to simulate the quasi-static test with displacement control loading to analyze a center-cracked aluminum panel. The author [11] also tried to investigate the influence of the cohesive strength in three-dimensional crack propagation. But the work wasn't validated with the experimental quasi-static case. In this work the influence of various loading parameters in nonlinear crack propagation and comparison of the computational work done by DYNA3D in quasi-static case with the experimental results was performed in quasi-static mode. In the initial stage, an Arcan test Mode -I, the loading case was performed by MTS machine in quasistatic mode, later the attempt has been made to simulate the results in DYNA 3D. In the addition, the influence of the various loading parameters such as loading velocity, mass scaling, maximum strength and displacement jump on the crack propagation was studied briefly. In this study, AL6061-T6 material was used as a test specimen.
Experimental Analysis
The reference Arcan test was performed using the Arcan test fixture and on Arcan specimen. The Arcan specimens were made of GM supplied AL 6061-T6 sheet metal material. The test fixture was made of 15-5PH stainless steel, with a thickness of 19 mm. The specimens were machined from AL6061-T6 sheet, with a thickness of 2 mm. The pinholes on the outer edge of the fixture provide a range of loading angles, φ, where φ = 0°corresponds to Mode-I loading.
For φ = 0°, two tests were performed, one with a fatigue pre-crack of length a = 7.30 mm and the other of a = 8.16 mm. The specimens all had the LT orientation. Fig. 1 shows the overall dimension of fixture and Arcan specimen.
In an Arcan test, the test specimen is clamped to the fixture using three hardened steel pins at each end of the specimen. In the fixture region, the steel had a Young's modulus (E), of 200 GPa, a Poisson's ratio (υ), of 0.3, and an initial yield stress (σ 0 ), of 1723.8 MPa. In the specimen region, the aluminum alloy Al-6061 had a Young's modulus (E), of 70.255 GPa, a Poisson's ratio (υ), of 0.32, and an initial yield stress (σ 0 ) of 332.1 MPa.
Test Procedure and Results
The test in mode I was performed at 0°loading angle on MTS 810 test machine under the displacement-controlled conditions. The loading rate for AL6061T6 specimens was 0.0006 mm/s. The initial crack length for AL6061T6 specimens are listed in Table 1 .
The load was applied only at the one end (lower) of the fixture and other end was fixed (upper). Figure 2 shows the rotation of the fixture during the loading. It is assumed that the whole crack path was straight. Fig. 3 and 4 shows the load-displacement and the loadcrack extension representations for Arcan test in mode I
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formed at 0º loading angle on MTS 810 test machine under the displacement-controlled conditions. The specimens was 0.0006 mm/s. The initial crack length for AL6061T6 specimens are listed in with an initial crack length of 7.30 mm. When the load was applied to the fixture by the attached pin, at the initial stage the actual applied load couldn't be transmitted to the fixture due to the little slipping, which occurred in the fixture and the pin connection.
Afterwards the fixture was attached with the pin tightly and no sleeping was occurred and the applied load could be transmitted to the fixture accurately. Due to the slipping at initial stage, the displacement was occurred without any remarkable increase of load. Afterwards the load was increased with the increase of the displacement. Fig. 3 shows this phenomenon. Fig. 4 shows that, it was required 12,565 N of load in order to initiate the crack formation. Then it was required to use more load in order to damage the surrounding area of the crack path. In the next the load was gradually decreased to propagate the crack because the material around the crack path was already soften with extend of the crack.
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DYNA3D Simulation
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DYNA3D simulation for one Arcan 0°test on AL6061-T6 specimen has been reported here. In that case the initial crack length was 7.30 mm. The load had been applied on the pin location. Fig. 5 shows a mesh distribution for the specimen under the mode I (a) the global mesh, (b) a local view focusing on the specimen. The mesh was consisted of total of 16,460 eight-node break elements with 22,756 nodes. Two different materials were used for the fixture and the specimen. The fixture region was contained 1,260 elements and the specimen contained 15,200 elements. Three layers were used in both the fixture and the specimen region. I (a) the global mesh, (b) a local view focusing on the specimen. elements with 22,756 nodes. Two different materials were used for t 1,260 elements and the specimen contained 15,200 elements. Three l (a) Figure 5 : The mesh distribution for A
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During the analysis four parameters were considered which could make an effect on the simulated results. Those parameters were the maximum strength (Tmax) of cohesive element, the maximum displacement jump (δ), the loading velocity (v) and the mass scaling. The sensitivity of those parameters is discussed below. The crack length of 18.36 mm was observed.
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Sensitivity of Loading Velocity
In Mode I of Arcan test, the dynamic tensile load was applied perpendicularly to the initial crack. When crack was extended due to the gradually applied load, the position of the pin attached to the specimen with the fixture moved along the loading direction. The displacement of the pin position with time is denoted by loading velocity.
Two loading velocities 6 00 × 10 +01 mm/sec and 6 00 × 10 +02 mm/sec were used to analyze the material response. The effect of two other velocities 6 00 × 10 +00 mm/sec and 6 00×10 +03 mm/sec was also examined. However in order to finish the simulation around 48 days were required.
In the real (experimental) case the loading velocity was 6 00 × 10 −04 mm/sec. Fig. 6 and 7 show the loaddisplacement and the load-crack extension response respectively for Arcan specimen in mode-I with the different loading velocity. Figure 8 shows the fixture and the specimen response in the different loading velocity. In this case, the maximum strength (Tmax) was considered as 800 MPa, the maximum displacement jump 0.17 and Riaz Ahmed, Helal-An-Nahiyan, Md. Arifuzzaman   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32 
Sensitivity of Mass Scaling
The mass-scaling refers to a technique whereby nonphysical mass time step. The mass scaling varies the mass density of the specimen an In order to analyze the sensitivity of the mass scaling, two differen were used. In the real case, the mass density was 2.80x10 -09 ton/mm 3 . crack extension response of Arcan specimen in mode-I case with a dif strength (Tmax) was considered as 700 MPa, the maximum displacem A crack length of 19.56 mm was observed. The simulation showed that the mass scaling had very good dependenc to go slowly closer to the real experimental result with the decreasing same effect as the loading velocity. In the higher scaling rate, the mate before the crack propagation, the material of its surrounding area was d material couldn't damage its surrounding area properly before the cra occurred at an earlier time with smaller displacement in comparison wi ss Scaling efers to a technique whereby nonphysical mass is added to a structure in order to achieve aling varies the mass density of the specimen and that influences the nature of the crack prop the sensitivity of the mass scaling, two different mass densities 2.80x10 . Figures 9 and 10 show the load-displaceme se of Arcan specimen in mode-I case with a different mass density respectively. In that cas onsidered as 700 MPa, the maximum displacement jump 0.12 and the loading velocity as 0. 6 mm was observed. the mass density as 8000 × 10 −07 ton/mm 3 . The density of the material was 2 80 × 10 −09 ton/mm 3 . It was observed that, the simulation result mainly depends on the loading velocity. On the higher loading velocity, the simulation showed some arbitrary results. When lower velocity was applied more realistic results were achieved. The simulation results were much accurate when lower ngth (Tmax) was considered as 700 MPa, the maximum displacement jump 0.12 and the loading velocity as 0.6x10 mm/sec. rack length of 19.56 mm was observed. simulation showed that the mass scaling had very good dependence on the material response. The simulation was the tendency o slowly closer to the real experimental result with the decreasing of the mass scaling. The mass scaling had more or less the e effect as the loading velocity. In the higher scaling rate, the material couldn't have enough time to response. In the real case, ore the crack propagation, the material of its surrounding area was damaged. On the other hand, due to the high scaling rate the erial couldn't damage its surrounding area properly before the crack extension. The crack initiation and the final failure were urred at an earlier time with smaller displacement in comparison with the real case. loading velocity was applied. In higher velocity the material was unable to respond. In the real case, before the crack propagation, the material in the first instance damaged its surrounding area. But due to the high loading velocity the material couldn't damage its surrounding area properly before the crack extension. That is why when the higher velocity was applied, the simulation showed some arbitrary results and the fixture couldn't rotate as in the real case (Fig. 6 ).
The mass-scaling refers to a technique whereby nonphysical mass is added to a structure in order to achieve a larger explicit time step. The mass scaling varies the mass density of the specimen and that influences the nature of the crack propagation. In order to analyze the sensitivity of the mass scaling, two different mass densities 2 80 × 10 −06 ton/mm 3 and 2 80 × 10 −07 ton/mm 3 were used. In the real case, the mass density was 2 80 × 10 −09 ton/mm 3 . Fig. 9 and 10 show the load-displacement and the load-crack extension response of Arcan specimen in mode-I case with a different mass density respectively. In that case, the maximum strength (Tmax) was considered as 700 MPa, the maximum displacement jump 0.12 and the loading velocity as 0 6 × 10 +02 mm/sec. A crack length of 19.56 mm was observed. The simulation showed that the mass scaling had very good dependence on the material response. The simulation was the tendency to go slowly closer to the real experimental result with the decreasing of the mass scaling. The mass scaling had more or less the same effect as the loading velocity. In the higher scaling rate, the material couldn't have enough time to response. In the real case, before the crack propagation, the material of its
Figure 10: The load-crack extension response at different mass density and the comparison with the experimental data.
Sensitivity of Maximum Strength
The maximum strength is denoted by the strength of two adjacent cohesive elements of the specimen. It is needed to overcom the maximum strength to propagate the crack.
To evaluate the material response, three different sets (800MPa, 700MPa, 600MPa) of data were used. Figures 11 and 12 sho the load-displacement and the load-crack extension response respectively in Arcan specimen in mode-I.. In that case, oth parameters were constant. The maximum displacement jump was used as 0.12, the loading velocity 0.6x10 +02 mm/sec, whereas the experimental case the loading velocity was 0.6x10 -03 mm/sec. Thus in the simulation, the loading velocity was increased by 1 times. The mass density was used as 2.80x10 -05 ton/mm 3 , whereas the original value of the mass density was 2.80x10 -09 ton/mm The mass density increased by 10 4 times in the simulation. The crack length of 16.58 mm was observed. surrounding area was damaged. On the other hand, due to the high scaling rate the material couldn't damage its surrounding area properly before the crack extension. The crack initiation and the final failure were occurred at an earlier time with smaller displacement in comparison with the real case.
The maximum strength is denoted by the strength of two adjacent cohesive elements of the specimen. It is needed to overcome the maximum strength to propagate the crack.
To evaluate the material response, three different sets (800 MPa, 700 MPa, 600 MPa) of data were used. Fig. 11 and 12 show the load-displacement and the load-crack extension response respectively in Arcan specimen in mode-I. In that case, other parameters were constant. The maximum displacement jump was used as 0.12, the loading velocity 0 6 × 10 +02 mm/sec, whereas in the experimental 
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Sensitivity of Displacement Jump
The cohesive theories describe the evolution of a fracture as the progressive separation of two surfaces which is described by e displacement jump δ (shown in figure 13 ) between two points, originally coincident, on the two cohesive surfaces. In the finite nematics, the displacement jump is computed as the difference of the displacement field φ on the two facing surfaces (here the perscripts + and -denote the two opposite surfaces):
The visualization of the process zone at the crack tip, and definition of the displacement jump δ [6] .
To analyze the material response due to the displacement jump three different sets (0.10, 0.12, and 0.14) of data were used. gures 14 and 15 show the load-displacement and the load-crack extension response of Arcan specimen in mode-I in the different aximum displacement jump respectively. In that case, the maximum strength (Tmax) was considered as 800 MPa, the loading locity 0.6x10 +02 mm/sec and mass density as 2.80x10 -05 ton/mm 3 . The crack length of 19.56 mm was observed. The obtained result shows that, up to the crack initiation, the load-displacement values were identical for the each case and no fect on the material response was observed. The material response was more or less the same up to 4.14 mm crack extension and ter the higher load and displacement was required for the crack extension in higher δ value. The maximum displacement jump d more or less same effect as the maximum strength on the result. However Tmax, required higher load and displacement. z.usc@gmail.com ity of Displacement Jump esive theories describe the evolution of a fracture as the progressive separation of two surfaces which is described by ment jump δ (shown in figure 13 ) between two points, originally coincident, on the two cohesive surfaces. In the finite the displacement jump is computed as the difference of the displacement field φ on the two facing surfaces (here the + and -denote the two opposite surfaces):
igure 13: The visualization of the process zone at the crack tip, and definition of the displacement jump δ [6] .
e the material response due to the displacement jump three different sets (0.10, 0.12, and 0.14) of data were used. and 15 show the load-displacement and the load-crack extension response of Arcan specimen in mode-I in the different isplacement jump respectively. In that case, the maximum strength (Tmax) was considered as 800 MPa, the loading x10 +02 mm/sec and mass density as 2.80x10 -05 ton/mm 3 . The crack length of 19.56 mm was observed. ned result shows that, up to the crack initiation, the load-displacement values were identical for the each case and no e material response was observed. The material response was more or less the same up to 4.14 mm crack extension and gher load and displacement was required for the crack extension in higher δ value. The maximum displacement jump r less same effect as the maximum strength on the result. However Tmax, required higher load and displacement. mail.com case the loading velocity was 0 6 × 10 −03 mm/sec. Thus in the simulation, the loading velocity was increased by 105 times. The mass density was used as 2 80 × 10 −05 ton/mm 3 , whereas the original value of the mass density was 2 80 × 10 −09 ton/mm 3 . The mass density increased by 104 times in the simulation. The crack length of 16.58 mm was observed.
The cohesive theories describe the evolution of a fracture as the progressive separation of two surfaces which is described by the displacement jump δ (shown in Figure 13 ) between two points, originally coincident, on the two cohesive surfaces. In the finite kinematics, the displacement jump is computed as the difference of the displacement field on the two facing surfaces (here the superscripts + and − denote the two opposite surfaces):
To analyze the material response due to the displacement jump three different sets (0.10, 0.12, and 0.14) of data were used. Figures 14 and 15 show the loaddisplacement and the load-crack extension response of Arcan specimen in mode-I in the different maximum displacement jump respectively. In that case, the maximum strength (Tmax) was considered as 800 MPa, the loading velocity 0 6 × 10 +02 mm/sec and mass density as 2 80 × 10 −05 ton/mm 3 . The crack length of 19.56 mm was observed. The obtained result shows that, up to the crack initiation, the load-displacement values were identical for the each case and no effect on the material response was observed. The material response was more or less the same up to 4.14 mm crack extension and after the higher load and displacement was required for the crack extension in higher δ value. The maximum displacement jump had more or less same effect as the maximum strength on the result. However Tmax, required higher load and displacement.
Conclusion
Sensitivity of different parameters had been analyzed in this report. Maximum strength of cohesive element and Maximum displacement jump had more or less same dependence on simulation result. Loading velocity had very high dependence on material response. To the end, it could be conclude that by reducing loading velocity and mass density it's possible to get simulation result closer to original experimental data. Maximum strength (Tmax) and Maximum displacement jump (δ) could be used to accurate the simulation result. The original experiment was a quasi-static case and DYNA3D is a dynamic code. Due to time dependence in simulation running, loading velocity and mass density had been increased a lot than experimental case which causes result variation from real one. Hence, DYNA3D is not an appropriate code for quasistatic analysis though it is a useful tool to investigate dynamic nonlinear crack propagation. Zuo et al. [12] [13] [14] suggested a newly developed code CRACK3D for the analysis of quasi-static case.
